All relevant data are within the paper.

Introduction {#sec001}
============

Malaria infection caused by *Plasmodium falciparum* is the most deadly form and it predominates in tropical countries \[[@pone.0181674.ref001]\]. Pulmonary complications associated with falciparum malaria are estimated to occur in 9%--23% of cases, range from mild respiratory symptoms to pulmonary edema (PE) with or without ARDS; moreover, it usually presents in conjunction with cerebral malaria (CM), acute renal failure and high parasitemia \[[@pone.0181674.ref002]--[@pone.0181674.ref005]\]. In the lungs of CM patients, 51% of the blood vessels exhibited PRBC sequestration in septal capillaries and small blood vessels, which was significantly higher than in the lungs of non-CM patients \[[@pone.0181674.ref006]\]. Several mechanisms are considered to play an important role in acute lung injury and ARDS; however, one classical phenomenon involved is the disturbance of the pulmonary microcirculation by an occlusion with PRBCs. Such alterations result in a cascade of events, including cytokine overproduction, mononuclear cell and neutrophil activation through the initiation of ischemic hypoxia and blood gas barrier leakage, which are thought to be key events \[[@pone.0181674.ref007]--[@pone.0181674.ref009]\].

It has been well established that coagulopathy is closely related to the pathogenesis of malaria-associated acute lung injury \[[@pone.0181674.ref010]--[@pone.0181674.ref012]\]. The protein C system is an important natural anticoagulant mechanism mediated by activated protein C and its receptor, the EPCR, which regulates the activity of factors VIIIa and Va. In addition, it modulates endothelial dysfunction by blocking cytokine signalling, acts as an adhesion site of *P*. *falciparum* erythrocyte membrane protein-1 (PfEMP-1), controls vascular permeability, vascular protective signals and prevents the induction of apoptosis \[[@pone.0181674.ref013]\]. Recently, in children who have died of CM, the endothelial sites of adherent PRBCs have been demonstrated to colocalize with the loss of EPCR and thrombomodulin \[[@pone.0181674.ref014]\]. These findings indicate a disruption of the protective endothelial properties in the brain, linking coagulation and inflammation with PRBC sequestration. In addition, EPCR acts as the endothelial receptor for PfEMP-1\[[@pone.0181674.ref015], [@pone.0181674.ref016]\] and provides a parasitic binding site \[[@pone.0181674.ref016], [@pone.0181674.ref017]\]. Moreover, in Thai patients, it has been reported that there is an association between the EPCR-rs867186-G allele and protection from severe malaria \[[@pone.0181674.ref018]\]. However, whether the loss of the protein C system is related to localised coagulopathy in the lung and leads to ARDS in association with PE in the same manner presented as in CM \[[@pone.0181674.ref014], [@pone.0181674.ref016], [@pone.0181674.ref017], [@pone.0181674.ref019]\], remains unknown.

It has been well established that the central role in ARDS pathogenesis focuses on endothelial cells. However, epithelial injury is also played an important role in term of both injury and repair mechanisms in which affected on type I and II pneumocyte, respectively. The loss of type II pneumocyte and its integrity worsen the alveolar fluid transport disturbance and the reduction of surfactant production, therefore whole alveoli collapse or completely flood are consequently observed \[[@pone.0181674.ref020]--[@pone.0181674.ref022]\]. The scare observation of type II pneumocyte in malaria-associated ARDS patients is still unclear. Interestingly, based on the histopathological and electron microscopic results, a positive correlation between ARDS severity and the deposition of lung hemozoin was found in our cases. Moreover, a number of pro-inflammatory cytokines have been claimed to be involved in the pathogenesis of severe falciparum malaria (SM). Level of IL-31 and IL-33 were strongly elevated in SM patients, in contrast to IL-27, which was decreased in SM patients and increased in healthy subjects \[[@pone.0181674.ref023], [@pone.0181674.ref024]\].

The present study aimed to demonstrate that in cooperation with the dysregulation of protein C system, whether the absence of type II pneumocyte relates to synthetic (s)-hemozoin or cytokines- induced apoptosis and leads to ARDS in association with PE. The study mainly focused on the clinical presentation and pulmonary histopathological changes related to ARDS with or without PE. Histopathological, immunohistochemical and electron microscopy studies were conducted. In addition, an *in vitro* model was used to assess the effect of hemozoin and interleukin (IL)-13, -27 and -31 on the lung epithelial cell line, A549. In particular, we sought to evaluate the effect of these cytokines and *P*. *falciparum* (*Pf*)-hemozoin on the integrity of the lung epithelium with an emphasis on apoptosis. Apoptotic pneumocytes were morphologically examined via electron microscopy and dual EB/AO staining. Real-time RT-PCR (reverse transcriptase-polymerase chain reaction) was used to determine the level of apoptosis regulator gene expression and caspase recruitment domain containing protein (*CARD*-9), as additional confirmation. The results of this study provided a new insight into the understanding of malaria-associated ARDS, with particular attention to underlying coagulative disorders and the effect of cytokines and hemozoin on cellular apoptosis.

Materials and methods {#sec002}
=====================

1. Ethical statement {#sec003}
--------------------

All the excess lung specimens and anonymous clinical data presented in this study were permitted and approved by the Hospital for Tropical Diseases and the Ethics Committee of the Faculty of Tropical Medicine, Mahidol University, Thailand (approval number MUTM2014-049-1 and -2).

2. Specimens and clinical data {#sec004}
------------------------------

The total of 29 lung specimens were obtained from patients who died from severe falciparum malaria at the Hospital for Tropical Diseases, Thailand from 1969 to 2004. All patients were cautiously clinically examined and diagnosed upon admission. Asexual *P*. *falciparum* blood stages were examined in the peripheral blood by blood smear. The WHO criteria for severe malaria were adopted as the presence of one or more of the following complications: cerebral malaria; jaundice; PE; renal failure; hypoglycemia; hyper-parasitemia and shock \[[@pone.0181674.ref025]\]. Concerning the determination of ARDS, the presence of hyaline membrane formation from the lungs was mainly used as a histopathological criterion to separate all patients who presented with or without ARDS. The pulmonary signs were additionally traced back and evaluated, particularly the clinical onset (acute; within a week or chronic), progressive respiratory symptoms (e.g. pneumonia), increased respiratory rate and intercostal indrawing with or without consolidation on the chest x-ray. Based on the lung histological examination, the patients who had cardiogenic pulmonary edema (as presented by heart failure cell or siderophage in the lung) and purulent pneumonia (as presented by oedematous fluid and intense inflammatory cells, particularly neutrophil, deposition in the alveolar sac) were excluded from the study. Together with the clinical data, the patients who had septicemia, diffuse pulmonary infection, gastric aspiration, burns, near-drowning or head injuries were also excluded from the study.

3. Histopathology {#sec005}
-----------------

All lungs were preserved in 10% neutral buffered formalin. The fixed specimens were dehydrated, infiltrated, embedded and sectioned into 4--5 μm thickness. All lung sections were stained with haematoxylin and eosin and Masson's trichrome to examine histopathological changes and the deposition of intravascular fibrin, respectively. The presentation of alveolar expansion with increasing pneumocytic cells, septal congestion with blood components (e.g. red blood cells \[RBCs\]; white blood cells \[WBCs\]; PRBCs), malarial pigment (both in PRBCs and mononuclear cells characterized by golden-brown birefringence pigment), alveolar haemorrhage, PRBC sequestration, WBC accumulation and hyaline membrane formation were scored according to four grades: 0 = absent; +1 = focal (less than 25% of the section); +2 = present (between 25% and 50% of the section) and +3 = severe (more than 50% of the section). In addition to the clinical evaluation, ARDS was confirmed by the presence of hyaline membrane formation and widespread inflammation. In addition, PE was also histologically described by the presence eosinophilic fluid in more than 25% of the alveolar spaces. Five normal lung tissues from trauma cases with no gross pathological changes at the time of the autopsy or on subsequent histological examination were included in the present study. The histopathological examination was fully blind-graded by two observers and was additionally scored by a third investigator should any disagreements arise.

4. Immunohistochemistry {#sec006}
-----------------------

In the present study, polyclonal rabbit anti- EPCR (SantaCruz, USA, sc-28978), anti-thrombomodulin (TM) (SantaCruz, USA, sc-9162), anti-intercellular adhesion molecule (ICAM)-1(SantaCruz, USA, sc-7891) and tumor necrotic factor (TNF)-α (Immunotool, Germany, 21453011) antibodies were used for immunohistochemical staining. Lung antigenicity was retrieved by heat applied in citrate buffer (pH 6.0), using a microwave oven. Peroxidase activity and non-specific binding were blocked within EnVision FLEX/HRP blocking buffer (DAKO, Denmark, K8002) for 10 min. The sections were incubated with a primary antibody for 1 h, washed and labelled with HRP anti-mouse/rabbit (DAKO, Denmark, K8002) for 20 min. Next, the sections were visualized with diaminobenzidine (DAB) (DAKO, Denmark, K8002), counterstained with hematoxylin and mounted with DPX (Merck, Germany).

5. H-score measurement {#sec007}
----------------------

To determine the intravascular fibrin and the expression of EPCR, TM, ICAM-1 and TNF-α, the H-score was implemented. The H-score (range: 0 to 300) was calculated by the multiplication of the percentage area of expression (0%--100%) and the intensity score (4 grades: 0 = no staining; 1 = mild staining; 2 = moderate staining and 3 = strong staining). The area of expression was measured by an imaging analysis program (ImageJ^®^ Version 1.36; NIH, USA). Briefly, 10 randomly high power field images of the lungs were acquired using a digital camera (DP20, Olympus^®^, Japan) on a light microscope (BX51, Olympus^®^, Japan) and colours that were not of interest were removed via the replace mode. The adapted images were converted to greyscale and then the area of expression was located by adjusting the threshold. The percentage area of expression was denoted by the positive pixels on the labelled areas. For intravascular fibrin, the fibrin-positive area as characterized by yellowish material inside the vessel was measured, whereas the expression of EPCR, TM, ICAM-1 and TNF-α were measured by the septal area and image.

6. A549 cells with cytokines or s-hemozoin {#sec008}
------------------------------------------

An *in vitro* model of lung epithelial cells using a human lung adenocarcinoma cell line, A549 (ATCC-CCL-185), with cytokine or s-hemozoin treatment was conducted. Recombinant human (rh) IL-13, -27 and -31 (Immunotools^®^, Germany) were used to determine the protective or deleterious effect on pneumocytes due to these cytokines in relation to severe malaria. In addition, to demonstrate the pro-oxidative effect of hemozoin on pneumocytic cells, s-hemozoin (39404-00-7, InvivoGen, USA) was used. This synthetic crystal is commercially claimed that both size and physiochemical properties are similar to *Plasmodium falciparum* (Pf) hemozoin \[[@pone.0181674.ref026]\]. In addition, it was synthesized by acidic method and described as a devoid of protein and DNA contamination. A549 were maintained in a complete cell culture medium composed of RPMI-1640 supplemented with 10% inactivated foetal bovine serum and 1% Penicillin/Streptomycin (100 U/100 mg/mL) at 37°C in a 5% CO~2~ atmosphere. The 10^4^ cells/mL of A549 cells were seeded on a cover slip or transwell^®^ polyester membrane in 12-well plates with 2 mL of culture medium until maturation. In addition, the cells were also seeded into 12-well plates without a cover slip or membrane. For the cytokine experiments, pneumocytes were then exposed to 500 ng/mL of rh IL-13, -27, -31, -13 plus -31 and -13 plus -27 plus -31 for a 1 h incubation. The decided dose of these ILs was obviously seen or easily differentiated the appearance of apoptotic and normal cells without adverse effect to the cells. Additionally, for the hemozoin experiment, the pneumocytes were exposed to 20 μM of s-hemozoin for 1, 6, 12, 24 and 48 h with camptothecin-induced apoptosis as a positive control. The selected concentration could observe the apoptotic effect of hemozoin on pneumocytic cell without other interference from non-specific effect. All cells on the coverslip and membrane were primarily fixed with 2.5% glutaraldehyde in a 0.1 M sucrose phosphate buffer (SPB) (pH 7.4) for 1 h. The cells seeding onto the plate without a coverslip and membrane were trypsinized with 0.25% trypsin-EDTA and then collected for apoptotic cell staining and real-time RT (reverse transcription)-polymerase chain reaction (PCR).

The fixed cells were washed in triplicate by 0.1 M SPB, for 10 min each. Cells on the membrane were subjected to a transmission electron microscopic (TEM) study, while cells on the cover slip were stained with 0.1% trypan blue for morphological determination under a light microscope. To determine the numbers of apoptotic cells, all types of the A549 cells (e.g. mature, progenitor and apoptotic) were counted by ten high power fields (400×)/coverslip. The percentage of apoptotic cells was calculated and compared in each group.

7. Ultrastructural studies {#sec009}
--------------------------

### 7.1 Scanning electron microscopy (SEM) {#sec010}

The previously fixed pneumocytic cells were fixed once again with 1% osmium tetroxide in 0.1 M SPB for 1 h and washed three times. The cells were then dehydrated with graded ethanol and air dried overnight. The coverslips were mounted on an aluminium stub and coated with a gold film of 20 nm thicknesses using the sputter coater (EMITECH K550, UK). All of the specimens were examined under a scanning electron microscope (JEOL JSM-6610LV, Japan) with 15 kV acceleration voltages.

### 7.2 Transmission electron microscopy (TEM) {#sec011}

All lungs and A549 cells on the membrane were secondarily fixed with 1% osmium tetroxide in 0.1 M SPB for 1 h, dehydrated in graded ethanol for 10 min each, infiltrated with LR white (EMS, USA.) in 70% ethanol and then embedded in a capsule beam. The embedded lungs were polymerized in a 65°C incubator for 48 h. All blocks were cut into a 90--100 nm thickness. The ultra-thin sections were placed on a 200 square mesh copper grid. The sections were stained with uranyl acetate and lead citrate.

The fine morphology of all lung specimens and A549 cells were examined under a transmission electron microscope (Hitachi; model HT7700, Japan).To clarify the severity of malarial pigment deposition in the lung as an additional confirmation to histopathological examination, all hemozoin pigments within the alveolar area, mononuclear cell and PRBCs were counted in each grid square. In addition, all intravascular RBCs were also distinguished to either normal or infected (PRBCs) then counted and calculated to the percentage of PRBCs/grid square. Consideration to the intensity of hemozoin pigments and PRBCs, ten grid squares were evaluated for each case.

8 Apoptotic cells staining {#sec012}
--------------------------

To confirm the presence of apoptotic cells in pneumocytes affected by hemozoin, dual ethidium bromide (EB)/acridine orange (AO) staining was performed as described previously \[[@pone.0181674.ref027]\]. Following trypsinization, the non-fixed cells were washed with 0.1 M SPB, centrifuged at 3,000 rpm at 4°C for 10 min and then collected. The cell pellets were then resuspended in 50 μL of complete culture medium. The resuspended cells were stained with 100 μg/mL of EB/AO with a cell to fluorescent dye ratio of 2:1 (v/v). All of the staining procedures were performed on an ice-cold container. The pneumocytic cells were examined according to the staining pattern and cellular morphology and at least 100 cells/time point was counted using a fluorescent microscope no longer than 20 min after staining.

9 Real-time RT-PCR for CARD-9 {#sec013}
-----------------------------

To demonstrate apoptosis at the molecular level, *CARD*-9, an apoptosis regulator gene was measured in the pneumocytic cells with or without s-hemozoin-induced injury at each time point. The RNA was isolated using TRIzol® Reagent (Invitrogen, USA) in accordance with the manufacturer's instructions. Complementary DNA synthesis and amplification were carried out in CFX96 Touch^TM^ Real-time PCR Detection system thermocycler conducted using KAPA SYBR FAST One-Step qRT-PCR Kits^®^ (KAPABIOSYSTEMS, USA) according to the manufacturer's protocol. The following primer pairs were used: *CARD*-9; Forword `5´-CGGAATTCATGGCCGACAAGGTCCTG-3´` Reverse `5´-CGCTCGAGTTAGTCTTGCATATTAAGGTAATTTCCAGA-3´`: β-actin; Forward `5´-GGCCAGGTCATCACCATT-3´` Reverse `5´-ATGTCCACGTCACACTTCATG-3´`. The level of mRNA was normalized to the level of β-actin (as internal control) mRNA expression. Therefore, the relative levels of mRNA were then calculated via the 2^-ΔΔCt^ method.

10 Statistical analysis {#sec014}
-----------------------

All data were statistically analysed using the GraphPadPrism^®^ program, version 6.05. A non-parametric one or two-way analysis of variance (ANOVA) with multiple comparisons, an unpaired t-test and a Spearman's correlation analysis were used for determining the differences between the groups and the correlation between factors of interest. The significance level was determined at a threshold of *p* \< 0.05.

Results {#sec015}
=======

1. Clinical data {#sec016}
----------------

The clinical data, complications and histopathological changes in each group of patients are summarized in [Table 1](#pone.0181674.t001){ref-type="table"}. In the present study, the ages of the patients with severe malaria (SM) range between 3--54 years of age. There was no difference in the ages between the ARDS and non-ARDS groups. The level of parasitemia at the time of admission in both groups was extremely high; however, a statistical difference was not found. Regarding the clinical and histopathological appearance, 31.03% (9/29) of the SM patients presented with signs of ARDS. The occurrence of PE and systemic bleeding in ARDS patients was significantly higher than those in non-ARDS patients. In addition, the non-ARDS patients had a significantly higher occurrence of acute renal failure than the ARDS group. However, the ARDS patients presented with a similar occurrence of anaemia, jaundice, acidosis, shock, hypoglycaemia and cerebral malaria when compared to the non-ARDS patients. Moreover, some positive correlations between clinical observations and histopathological findings were also found. The higher score of alveolar expansion related to the presence of acidosis (Spearman's rho = 0.498, p = 0.006). The increased level of pulmonary malarial pigment deposition also related to anaemia (Spearman's rho = 0.424, p = 0.022). Finally, high density of PRBCs and WBCs accumulations correlated to the incidence of pneumonia (Spearman's rho = 0.543, p = 0.002 and Spearman's rho = 0.417, p = 0.024, respectively).

10.1371/journal.pone.0181674.t001

###### Comparison of the clinical data, histopathological changes and clinical complications in severe malaria cases with and without ARDS.

![](pone.0181674.t001){#pone.0181674.t001g}

  Parameter                                      Non-ARDS                  ARDS                      p-value
  ---------------------------------------------- ------------------------- ------------------------- ---------
  **Clinical data and complications**                                                                
  Age (year)                                     3--54 (25.0 ± 15.8)       15--35 (22.7 ± 6.1)       0.690
  Parasitaemia/μL upon admission                 606,595.50 ± 778,259.56   393,787.77 ± 470,155.51   0.456
  Anaemia (%)                                    75.0 (15/20)              55.6 (5/9)                0.266
  Jaundice (%)                                   75.0 (15/20)              77.8 (7/9)                0.631
  Pneumonia (%)                                  25.0 (5/20)               77.8 (7/9)                0.012
  Acute renal failure (%)                        45.0 (9/20)               0.0 (0/9)                 0.017
  Acidosis (%)                                   35.0 (7/20)               33.3 (3/9)                0.636
  Shock (%)                                      15.0 (3/20)               22.2 (2/9)                0.502
  Systemic bleeding (%)                          0.0 (0/20)                55.6 (5/9)                0.001
  Hypoglycaemia (%)                              10.0 (2/20)               11.1 (1/9)                0.688
  Cerebral malaria (%)                           70.0 (14/20)              55.6 (5/9)                0.364
  **Quantitative lung ultrastructure**                                                               
  \% PRBCs sequestration                         55.5 ± 40.34              75.0 ± 36.09              0.206
  Malarial pigment/grid square                   10.8 ± 6.63               22.6 ± 11.76              0.002
  **Histopathological changes (median score)**                                                       
  Pulmonary oedema (%)                           65 (13/20)                77.8 (7/9)                0.041
  Alveolar expansion                             1.63 ± 1.11               1.40 ± 0.84               0.540
  Septal congestion                              1.78 ± 0.92               1.70 ± 0.48               0.776
  Malarial pigment                               1.75 ± 0.93               2.40 ± 0.84               0.040
  Alveolar haemorrhage                           0.69 ± 0.98               2.00 ± 0.94               0.001
  PRBCs sequestration                            1.48 ± 1.06               1.30 ± 0.82               0.617
  WBC accumulation                               2.03 ± 0.72               2.20 ±0.42                0.489
  Hyaline membrane formation                     0.0 ± 0.0                 1.30 ± 0.67               0.000

Note; ARDS; acute respiratory distress syndrome, PRBS; parasitized red blood cells, WBC; white blood cell, %; percent, μL; microlitter

2. Histopathology {#sec017}
-----------------

Regarding the pulmonary complications in the subjects with falciparum malaria, the lung histology was altered, including alveolar septal thickening and congestion accompanied by the deposition of cellular and blood components. In particular, PRBCs and WBCs ([Fig 1B](#pone.0181674.g001){ref-type="fig"}) were found in the fluid contained within the alveoli ([Fig 1C](#pone.0181674.g001){ref-type="fig"}) and alveolar epithelium damage associated with hyaline membrane formation ([Fig 1D](#pone.0181674.g001){ref-type="fig"}) was also related to the widespread inflammation. The histopathological scoring revealed that in ARDS patients, scores for malarial pigment, alveolar haemorrhage and hyaline membrane formation were significant compared to those in patients without ARDS ([Table 1](#pone.0181674.t001){ref-type="table"}). In the present study, from 9 patients who had ARDS, 77.8% (7/9) of them had PE. The severity of PE was examined, approximately seventy percent (71.42%; 5/7) of ARDS patients with PE showed the presence of oedematous fluid in the alveolar sac between 25--50% of the section while 28.57% (2/7) had severe score of PE.

![Histopathological and ultrastructural appearance in normal and severe malarial lungs.\
A: normal lung represented by a very thin alveolar septum and clearly defined alveolar sac in contrast to the non-PE lung (B) which was characterized by thickened alveolar septum congested with blood components (e.g. PRBCs and WBCs). Apart from the thickened membrane, fluid (C\*) and the hyaline membrane (D\*) were deposited in the PE and ARDS lungs, respectively. Fine morphology of hyaline membrane (E\*), macrophage (F; arrow)-ladened hemozoin pigment (F\*) and PRBCs (G; arrow) with endothelial cell damage (G-inset) were frequently observed in the ARDS lung patients. A positive correlation between some histopathological changes and ARDS severity was calculated using Spearman test (H-I).](pone.0181674.g001){#pone.0181674.g001}

3. Lung ultrastructural study {#sec018}
-----------------------------

The fine morphological structure of the ARDS lungs was predominantly characterized by a discontinuation of the alveolar membrane, the formation of a hyaline membrane within the alveolar space, generalized endothelial cell degeneration and a high number of macrophages laden with malarial pigment ([Fig 1E--1G](#pone.0181674.g001){ref-type="fig"}). It was noted that there were rarely type 2 pneumocytic cells present in the ARDS patient lungs. Moreover, ARDS severity was correlated significantly with the presence of malarial pigment and internal alveolar haemorrhaging ([Fig 1H and 1I](#pone.0181674.g001){ref-type="fig"}).

4. Immunohistochemistry and histochemistry {#sec019}
------------------------------------------

### 4.1. EPCR, TM, ICAM-1 and TNF-α in ARDS and non-ARDS lungs {#sec020}

To determine the expression of EPCR, TM, ICAM-1 and TNF-α in response to the extent of lung injury in SM patients with and without ARDS, immunohistochemical staining was performed. Similarly, EPCR and TM were expressed on endothelial cells as well as on the tunica medial layer, alveolar septum and pneumocytic cells. Moreover, ICAM-1 and TNF-α were also primarily expressed on the endothelial cells and sparsely on mononuclear cells. In the present study, the expression score was considered for the immune-positive stained areas in alveolar septa. The semi-quantitative H-score demonstrated that the EPCR in PE lungs had a significantly lower expression when compared to non-PE and normal lungs, respectively ([Fig 2](#pone.0181674.g002){ref-type="fig"}). Regarding the ARDS category, ARDS lungs also exhibited a significantly lower expression of EPCR than those from non-ARDS and normal subjects, respectively. Interestingly, there was a negative correlation between the EPCR level and the malarial pigment, PRBC and WBC deposition in the lung ([Fig 2G--2I](#pone.0181674.g002){ref-type="fig"}).

![**Immunohistochemical staining of EPCR in the normal (A), non-PE (B), PE (C) and ARDS (D) lungs**. The EPCR expression in small blood vessels are shown in the inset of each micrograph. The H-score expression is demonstrated by bar graphs for PE (E) or ARDS (F) lungs, to compare those expression Friedman test was performed (\*\*; p-value \< 0.001, \*\*\*; p-value \<0.0001). Negative correlation between the level of EPCR and some histopathological changes was observed using Spearman test (G-I).](pone.0181674.g002){#pone.0181674.g002}

Although there were no differences found regarding the expression of TM on normal, non-PE and PE lungs, the ARDS lungs had a lower expression of TM compared to normal and non-ARDS lungs ([Fig 3](#pone.0181674.g003){ref-type="fig"}). In contrast with TM expression, ICAM-1 was strongly labelled on the ARDS and PE lungs compared to the non-ARDS and non-PE lungs ([Fig 4](#pone.0181674.g004){ref-type="fig"}). Like ICAM-1, TNF-α also significantly higher expressed in SM patients than normal subjects ([Fig 5](#pone.0181674.g005){ref-type="fig"}). With the similar pattern of ICAM-1 expression, SM patients with ARDS had significantly higher levels of TNF-α when compared to SM patients without ARDS and normal subjects, respectively.

![**Immunohistochemical staining for thrombomodulin in normal (A), non-PE (B), PE (C) and ARDS (D) lungs**. The level of thrombomodulin expression in the small blood vessels are shown in the inset of each micrograph, The H-score expression is demonstrated by bar graphs for PE (E) or ARDS (F) lungs, to compare those expressions Friedman test was performed (\*; p-value \< 0.05).](pone.0181674.g003){#pone.0181674.g003}

![I**mmunohistochemical staining for ICAM-1 thrombomodulin in normal (A), non-PE (B), PE (C) and ARDS (D) lungs**. The H-score expression is demonstrated by bar graphs for PE (E) or ARDS (F) lungs, to compare those expression Friedman test was performed (\*\*\*; p-value \<0.0001).](pone.0181674.g004){#pone.0181674.g004}

![I**mmunohistochemical staining for TNF-α in normal (A), non-PE (B), PE (C) and ARDS (D) lungs**. The H-score expression is demonstrated by bar graphs for PE (E) or ARDS (F) lungs, to compare those expression Friedman test was performed (\*\*\*; p-value \<0.0001).](pone.0181674.g005){#pone.0181674.g005}

### 4.2. Intravascular fibrin in ARDS and non-ARDS lungs {#sec021}

In the present study, fibrin deposition in the small blood vessels was evaluated to define the coagulation abnormalities in the lungs of SM patients with and without PE or ARDS. The amount of intravascular fibrin was very high in SM patients when compared to normal lungs; however, there was no significant difference in the level of fibrin deposition between PE and non-PE or ARDS and non-ARDS lungs ([Fig 6](#pone.0181674.g006){ref-type="fig"}).

![**Masson's trichrome staining for intravascular fibrin deposition in normal (A), non-PE (B), PE (C) and ARDS (D) lungs**. The fibrin staining is exhibited in the yellowish material found in the small blood vessels, whereas red blood cells and collagen fibrils were stained red and blue, respectively. The H-score expression is demonstrated by bar graphs for PE (E) or ARDS (F) lungs, to compare those expression Friedman test was performed (\*\*\*; p-value \<0.0001).](pone.0181674.g006){#pone.0181674.g006}

5. Cytokine-induced A549 cell injury {#sec022}
------------------------------------

In relation to the cytokine-induced lung injury, recombinant human (rh) IL-13, -31 and -27 were chosen as the representative cytokines that are frequently present in SM, to determine their effect on lung epithelial cells. In general, using a scanning electron microscopy, an A549 cell is a pneumocytic cell that exhibits three typical morphologies, including: mature, progenitor and apoptotic cell types ([Fig 7](#pone.0181674.g007){ref-type="fig"}). Co-culturing the A549cells with these cytokines at a dosage of 500 ng/ml demonstrated that all molecules applied to the lung epithelial cells resulted in a significantly increased number of apoptotic cells when compared to the untreated group ([Fig 8](#pone.0181674.g008){ref-type="fig"}). Interestingly, when the combination of IL-27, IL-13 and IL-31 was added to the A549 cell, the number of apoptotic cells declined when compared to all examined cytokines alone.

![Scanning electron micrographs of A549 cells.\
A549 cell morphology was composed of many cell types: 1) the mature form with (A) and without granules (B) were the largest cells with an irregular and granulate surface; 2) the progenitor form consisted of small and rounded cells with a smooth and irregular membrane (C) and 3) apoptotic cells (D) are the shrunken cells with numerous vacuolated membranes. Cells stained with trypan blue cells were shown in the inset of each micrograph.](pone.0181674.g007){#pone.0181674.g007}

![Percentage of apoptotic cells induced by cytokines.\
The bar graph exhibited the difference in the number of apoptotic cells in each group using Friedman test (\*; p-value\<0.05, \*\*; p-value \<0.001, \*\*\*; p-value\<0.001) (A) which was morphologically characterised by apoptotic (B) and normal cells (C).](pone.0181674.g008){#pone.0181674.g008}

6. S-hemozoin-induced A549 cell injury through an apoptotic pathway {#sec023}
-------------------------------------------------------------------

To identify the apoptotic effect of s-hemozoin on pneumocytic cells, dual EB/AO staining and real-time RT-PCR were performed. The results revealed that s-hemozoin itself induced early apoptosis predominantly in lung epithelial cells as characterised by their morphological changes and staining patterns. Briefly, when compared to normal cells ([Fig 9A](#pone.0181674.g009){ref-type="fig"}) with an intact nuclear and cytoplasmic membrane, early apoptotic cells were shown in green fluorescence with nuclear fragmentation or condensed chromatin ([Fig 9B](#pone.0181674.g009){ref-type="fig"}), cellular blebbing ([Fig 9C](#pone.0181674.g009){ref-type="fig"}) and cytoplasmic vacuolization ([Fig 9D](#pone.0181674.g009){ref-type="fig"}). Late apoptotic cells exhibited orange-red fluorescence with condensed chromatin ([Fig 9E](#pone.0181674.g009){ref-type="fig"}), whereas the necrotic cells were stained fluorescent red with an intact nucleus ([Fig 9F](#pone.0181674.g009){ref-type="fig"}). Similar to the EB/AO staining results, a higher level of *CARD*-9 was observed in the cells treated with hemozoin for 1, 6 and 12 h compared to the negative control with a similar pattern ([Fig 9H](#pone.0181674.g009){ref-type="fig"}). However, 24 h post-treatment, *CARD*-9 gene expression was diminished in both groups in contrast with the positive control. Interestingly, the ultrastructural analysis revealed that the A549 cells were predominantly pneumocyte type II cells, appeared to have phagocytic activity and ingested hemozoin pigment in our *in vitro* conditions ([Fig 10](#pone.0181674.g010){ref-type="fig"}). At 24 h post-culture, the apoptotic pneumocytes presented as detached cells separated from the membrane with cytoplasmic membrane blebling ([Fig 10E](#pone.0181674.g010){ref-type="fig"}). Ingested hemozoin was mainly found in surfactant contained cells as presented by immature cells or multi-vesicular bodies (rounded and dense packed vesicle) ([Fig 10G](#pone.0181674.g010){ref-type="fig"}) and mature cells or lamellar bodies (electron dense lamellate structyre) ([Fig 10H and 10I](#pone.0181674.g010){ref-type="fig"}).

![Apoptosis indicated by EB/AO staining and real-time RT-PCR.\
S-hemozoin-induced pneumocytic apoptosis was characterized by morphological changes and staining patterns that included normal cells (A), early apoptotic cells with nuclear fragmentation or condense chromatin (B), membrane blebbing (C), cytoplasmic vacuolization (D), late apoptotic cells with condensed chromatin (E) and necrotic cells (F). The bar graph demonstrates that early apoptosis was predominately found following hemozoin treatment between 1--24 h with an increasing trend (G) in accordance with the mRNA expression of *CARD*-9 (H).](pone.0181674.g009){#pone.0181674.g009}

![Transmission electron micrograph of A459 cells exposed to s-hemozoin for 24 h.\
A semi-thin section of A549 cells was characterized by toluidine blue staining, including normal cells with or without hemozoin, that adhered to the membrane and apoptotic cells (\*) with hemozoin, which slipped out of the membrane (A). A number of hemozoin pigments (arrow) were ingested by intact (B-C) and apoptotic (E-F) A549 cells, were located in multivesicular (G) or lamellar (H-I) bodies characterized by dark electron dense material (\*).](pone.0181674.g010){#pone.0181674.g010}
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The present study found that malaria-associated ARDS was significantly associated with PE and systemic bleeding ([Table 1](#pone.0181674.t001){ref-type="table"}). Moreover, a positive correlation between internal alveolar haemorrhage and the severity of ARDS was observed ([Fig 1](#pone.0181674.g001){ref-type="fig"}). Generally in SM, systemic bleeding is caused by a coagulation disturbance which consumes clotting factors and leads to severe bleeding in various tissues \[[@pone.0181674.ref010]\]. For this reason, several studies have focused on the correlation between coagulation abnormalities and SM. Interestingly, our results revealed that the severity of ARDS was dependent on the level of malarial pigment deposited in the lungs of SM patients ([Fig 1](#pone.0181674.g001){ref-type="fig"}). Therefore, our findings suggest that the alteration of the EPCR and TM in association with the deposition of s-hemozoin in the lung, including their interactions, may play a role in the pathogenesis of ARDS in SM.

Throughout the past decade, the protein C system had been considered a potentially important factor in the pathogenesis of SM. The early and preventive using of activated protein C as an adjunctive treatment for falciparum malaria and leptospirosis co-infection leads to improved clinical symptoms, particularly of lung injury, due to its anti-thrombotic, pro-fibrinolytic and anti-inflammatory properties \[[@pone.0181674.ref028]\]. Endothelial protein C reacts with parasitic materials from ruptured PRBCs and reduces their pro-inflammatory effects on endothelial cells \[[@pone.0181674.ref029]\]. Recently, PfEMP-1, the parasitic ligand on PRBCs infected with *P*. *falciparum*, has been shown to adhere to the EPCR on host cells and to interfere with the anti-coagulant and pro-endothelial barrier functions, which leads to activated coagulation, enhanced tumour necrosis factor (TNF) production and increased vascular permeability. All of these factors contribute to the pathogenesis of cerebral malaria \[[@pone.0181674.ref018], [@pone.0181674.ref030]--[@pone.0181674.ref032]\]. Our immunohistochemistry experiment revealed that a reduction of EPCR and TM was predominantly found in SM patients with ARDS (Figs [2](#pone.0181674.g002){ref-type="fig"} and [3](#pone.0181674.g003){ref-type="fig"}). PE lungs also exhibited a lower expression of EPCR than those from non-PE and normal subjects, respectively. Fibrin was highly deposited inside the pulmonary vessels of SM patients with or without ARDS ([Fig 6](#pone.0181674.g006){ref-type="fig"}). There was a negative correlation between EPCR expression and the level of s-hemozoin, PRBC and WBC deposition in the lungs ([Fig 2](#pone.0181674.g002){ref-type="fig"}). Furthermore, ARDS lungs had a significantly higher level of ICAM-1 and TNF-α expression than the non-ARDS lungs, whereas there was a similar level of ICAM-1 expression in both PE and non-PE lungs ([Fig 4](#pone.0181674.g004){ref-type="fig"}). SM patients with ARDS experienced a loss of EPCR and thrombomodulin expression in association with a high level of intravascular fibrin, hemozoin deposition, PRBC sequestration and inflammatory activation. In addition, the present study also indicated that the increase of ICAM-1 and TNF-α expression was often found together with the decrease of TM in the lung. This relevance is in agreement with previous studies \[[@pone.0181674.ref033], [@pone.0181674.ref034]\] due to their antagonistic effect of ICAM-1, and TNF-α and TM in term of the increment of vascular permeability and vascular protective property, respectively. To the best of our knowledge, our report describes that the pathogenesis of ARDS is associated with the protein C system accompanied by hemozoin accumulation in the lung.

Cytokine activation is one of the main contributors of pathogenesis in SM affecting pulmonary epithelial and endothelial cells, leading to acute lung injury or ARDS. To predict severity in SM, chemokine and cytokine production may be useful for diagnosis and prognosis. As shown in the present study, a culture of IL-27 combined with IL-13 and IL-31 alleviated the number of apoptotic cells among the pneumocytes within 1 h when compared to those of each cytokine alone ([Fig 8](#pone.0181674.g008){ref-type="fig"}). The findings of the present study demonstrated that acute lung injury was related to circulatory pro- and anti-inflammatory cytokines presented in SM. However the result also presented that IL-27 alone induced a high number of pneumocytic cell apoptosis. It is probably caused by some interaction between immune-modulatic role of IL-27 and carcinogenicity of A549 cell. In general, IL-27 modulates immunologic function that expresses by either proinflammatory or anti-inflammatory effects. In cancer cells, IL-27 can activate apoptosis via several pathways as presented in some reports \[[@pone.0181674.ref035], [@pone.0181674.ref036]\]. A549 cell is derived from adenocarcinoma origin. Because of its carcinogenicity, IL-27 may react to this cell as proinflammatory effect and lead to apoptosis.

It has been well established that the decrease in pulmonary surfactant produced by type II pneumocytes plays a crucial role in malaria-associated ARDS pathogenesis. In addition, another possible hypothesis is the multi-factorial nature of the pro-oxidative stress environment, including: \[[@pone.0181674.ref037]\] 1) the increase of polyunsaturated fatty acids due to the degradation of oxidative lipids; 2) proteolytic enzymes and pro-inflammatory cytokines from the host inflammatory responses \[[@pone.0181674.ref038], [@pone.0181674.ref039]\] and 3) the presence of hemozoin and haemoglobin degradation waste products from the parasite \[[@pone.0181674.ref040]\]. All of these factors may contribute to acute lung injury, including blood gas barrier leakage, haemorrhage and alveolar oedema. Consistent with previous reports in both experimental models \[[@pone.0181674.ref040], [@pone.0181674.ref041]\] and human cases \[[@pone.0181674.ref042]\], our results revealed that pulmonary hemozoin deposition was significantly increased in ARDS lungs in conjunction with PE and systemic bleeding ([Table 1](#pone.0181674.t001){ref-type="table"}). Moreover, a positive correlation between the level of hemozoin and ARDS severity was observed ([Fig 1H](#pone.0181674.g001){ref-type="fig"}). Importantly, the results revealed that the deposited pigment also exhibited a negative correlation with the expression of EPCR in the lungs ([Fig 2G](#pone.0181674.g002){ref-type="fig"}), which was associated with the alteration of pulmonary epithelial integrity and vascular permeability. Therefore, the present study indicated that the level of hemozoin may be an important factor related to the occurrence of ARDS in patients with severe malaria.

In addition to studies in malaria-associated ARDS patients, a culture of pneumocyte and s-hemozoin was conducted in this study. Our results indicated that s-hemozoin caused pneumocytic cell injury and apoptosis as exhibited by EB/AO staining and *CARD*-9 expression ([Fig 9](#pone.0181674.g009){ref-type="fig"}). Concerning the onset of apoptosis, within 24 h post-exposure, s-hemozoin induced early apoptosis in pneumocytes as characterized by their staining patterns and morphological changes ([Fig 9A--9G](#pone.0181674.g009){ref-type="fig"}). In agreement with the mRNA expression of *CARD*-9, apoptosis was presented within 12 h post-exposure with an increasing trend ([Fig 9H](#pone.0181674.g009){ref-type="fig"}). Thus, it is suggested that in addition to the pro-inflammatory effects induced by hemozoin, alveolar epithelial cell damage was directly caused by s-hemozoin due to its pro-oxidative properties \[[@pone.0181674.ref040]\] via an apoptotic pathway. Recently, an *in vitro* study of *P*. *falciparum*, isolates demonstrated that apoptosis in pulmonary endothelial cells is sensitive to oxidative environments and requires direct contact between the parasite and host cells, otherwise PRBCs are sequestered alone \[[@pone.0181674.ref043]\]. Therefore, the oxidative properties of hemozoin may destroy the pulmonary epithelium and lead to acute lung injury.

Fas/FasL has been well described as pro-apoptotic signal, which is implicated in ARDS pathogenesis due to caspase activation \[[@pone.0181674.ref044], [@pone.0181674.ref045]\]. Interestingly, not only apoptotic genes those related to malaria-associated lung injury e.g. plasmodium apoptosis-linked pathogenicity factors (PALPF) \[[@pone.0181674.ref043]\] and caspase-3 and -8 \[[@pone.0181674.ref046], [@pone.0181674.ref047]\], Fas/FasL also contributes to both lung endothelium and epithelium damages leading to PE \[[@pone.0181674.ref047]\]. However, to date, there have been no reports of apoptotic-associated ARDS in severe falciparum malaria patients. The present study utilized an *in vitro* culture system to demonstrate lung epithelial cell damage and apoptosis in response to s-hemozoin as shown by *CARD*-9 expression. *CARD*-9 is the regulator of the apoptotic process through the nuclear factor (NF)-κB signalling \[[@pone.0181674.ref048]\]. This signalling modulates apoptosis in brain endothelial cell, leukocyte and hepatocyte in severe falciparum malaria patients \[[@pone.0181674.ref049], [@pone.0181674.ref050]\]. Consequently, it has a high possibility that *CARD-9* involves in pulmonary apoptotic activity in severe malaria as seen in the brain and liver. Recently *CARD*-9 was also found to relate to the severity of lung injury leading to ARDS due to its activating effect on inflammatory responses \[[@pone.0181674.ref051], [@pone.0181674.ref052]\]. Therefore, the up-regulation of *CARD-9* in pneumocytes treated with s-hemozoin may correspond with the level of lung injury due to apoptotic activity.

Several studies have reported that A549 cells exhibit phagocytic activity in association with host defence mechanisms such activity can be induced by foreign materials, fungi, or bacteria \[[@pone.0181674.ref053]--[@pone.0181674.ref055]\]. A transmission electron microscopic study revealed that A549 cells, predominantly pneumocyte type 2 cells, ingested s-hemozoin 24 h post-exposure in conjunction with the presence of injured cells undergoing apoptosis and necrosis ([Fig 10](#pone.0181674.g010){ref-type="fig"}). S-hemozoin was primarily internalised in A549 cells and located within the lamellar bodies, specialised vesicles for surfactant phospholipid deposition. However, the details of the phagocytic mechanism of these cells require further study. In addition, it has been well established that the source of vascular and pulmonary hemozoin in SM cases is the ruptured and mature PRBCs which are typically phagocytosed by neutrophils, monocytes and macrophages \[[@pone.0181674.ref006]\]. Our *in vitro* study proposed one more hypothesis, namely that the pneumocyte type 2 cells may interact with hemozoin and play an important role in the acute lung injury associated with SM as demonstrated by their phagocytic properties. However, our *in vitro* study had its own limitation, especially by the properties of s-hemozoin when compared to Pf-hemozoin from SM patients. S-hemozoin with acidic synthesis tends to be contaminated with DNA, depending on its purity of used hemin, and causes a huge consequence on the bio-cellular activities \[[@pone.0181674.ref056]\]. Moreover, a different type of hemozoin especially in size leads to their dissimilarity properties. As our observation, although the length of both types of hemozoin was similar, Pf-hemozoin had significantly wider than presented in s-hemozoin ([Fig 11](#pone.0181674.g011){ref-type="fig"}). Moreover, the shape of s-hemozoin presented in the pneumocyte seemed to be elongated crystalline, while a clumped form was mainly observed in Pf-hemozoin from malarial lung specimens. This kind of difference may affect on the level of cellular responses linking to the mimic ability of *in vitro* system to *in vivo* situation. To clarify this point, further studies need to be proven with better concerning of both size and purity of the used hemozoin.

![Size comparison of synthetic and *P*. *falciparum* hemozoins.\
Ultrastructural micrographs of the s-hemozoin in the A549 cell (A) and Pf-hemozoin in the mononuclear cell (B). The dot graph exhibited the difference in length (C) and width (D) of hemozoin crystal using Mann-Whitney test.](pone.0181674.g011){#pone.0181674.g011}
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In severe malaria-associate ARDS, anti-coagulation properties, characterized by the EPCRs and TM, and as well as pulmonary integrity are impaired. In conjunction with pro-inflammatory cytokines and hemozoin deposition, the type II pulmonary epithelium is destroyed through the apoptotic pathway as confirmed by the up-regulation of *CARD*-9. Therefore, the pulmonary resolution is blocked and the blood gas barrier is further disrupted and finally leads to an accumulation of fluid in the alveolar space accompanied by hyaline membrane formation. The inhibition of any point along this pathway is considered to be a beneficial novel candidate for adjunctive therapy of severe malaria-associated ARDS.
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